Agrin, released by motor neurons, promotes neuromuscular synapse formation by stimulating MuSK, a receptor tyrosine kinase expressed in skeletal muscle. Phosphorylated MuSK recruits docking protein-7 (Dok-7), an adaptor protein that is expressed selectively in muscle. In the absence of Dok-7, neuromuscular synapses fail to form, and mutations that impair Dok-7 are a major cause of congenital myasthenia in humans. How Dok-7 stimulates synaptic differentiation is poorly understood. Once recruited to MuSK, Dok-7 directly stimulates MuSK kinase activity. This unusual activity of an adapter protein is mediated by the N-terminal region of Dok-7, whereas most mutations that cause congenital myasthenia truncate the C-terminal domain. Here, we demonstrate that Dok-7 also functions downstream from MuSK, and we identify the proteins that are recruited to the C-terminal domain of Dok-7. We show that Agrin stimulates phosphorylation of two tyrosine residues in the C-terminal domain of Dok-7, which leads to recruitment of two adapter proteins: Crk and Crk-L. Furthermore, we show that selective inactivation of Crk and Crk-L in skeletal muscle leads to severe defects in neuromuscular synapses in vivo, revealing a critical role for Crk and Crk-L downstream from Dok-7 in presynaptic and postsynaptic differentiation.
Neuromuscular synapse formation requires a complex exchange of signals between motor neurons and skeletal myofibers (Sanes and Lichtman 2001) . Agrin, supplied by motor neurons, binds to the low-density lipoprotein receptor (LDLR)-related protein 4 (Lrp4), a member of the LDLR family Zhang et al. 2008 ). Lrp4 selfassociates, forms a complex with MuSK, and is essential for neuromuscular synapse formation (Weatherbee et al. 2006) . Binding between Agrin and Lrp4 stimulates tyrosine phosphorylation of MuSK, a receptor tyrosine kinase expressed in skeletal muscle (Jennings et al. 1993; Valenzuela et al. 1995; Zhang et al. 2008) . Once phosphorylated, MuSK recruits docking protein-7 (Dok-7), a recently discovered noncatalytic adapter protein containing N-terminal pleckstrin homology (PH) and phosphotyrosinebinding (PTB) domains, required to bind tyrosine phosphorylated MuSK, as well as a C-terminal domain (Okada et al. 2006 ). In the absence of Dok-7, like in the absence of MuSK, neuromuscular synapses fail to form (Okada et al. 2006; Vogt et al. 2009 ). Furthermore, hypomorphic mutations in human Dok-7 that impair Dok-7 function cause congenital myasthenia (CMS), characterized by structurally and functionally defective synapses, leading to muscle weakness and fatigue (Beeson et al. 2006; Muller et al. 2007; Selcen et al. 2008) . Although mutations in Agrin or MuSK are uncommon causes of neuromuscular disease, mutations in Dok-7 represent a major form of CMS. As such, understanding how Dok-7 regulates neuromuscular synapse formation is critical not only for understanding the mechanisms of synapse formation, but also for understanding how mutations in Dok-7 lead to disease.
Once recruited to MuSK, Dok-7 stimulates further MuSK phosphorylation and increases MuSK kinase activity (Okada et al. 2006; Inoue et al. 2009; Bergamin et al. 2010) . One idea suggests that Dok-7 regulates synapse formation strictly by regulating MuSK phosphorylation, and as such acts as an inside-out ligand for MuSK. Consistent with this idea, the PH/PTB domains of Dok-7 form a dimer that binds MuSK, promotes the formation of MuSK dimers, and stimulates MuSK phosphorylation in vitro (Bergamin et al. 2010) . Moreover, certain disease-causing mutations in the PTB domain of human Dok-7 impair Dok-7 dimerization, demonstrating that Dok-7 dimerization is critical to activate MuSK in vivo (Bergamin et al. 2010) . Nonetheless, a majority of patients with Dok-7 CMS carry mutations that truncate the C-terminal domain, suggesting that the C-terminal domain has an important function separate from the role of the N-terminal domain in regulating MuSK kinase activity. These findings raise the possibility that Dok-7 may engage downstream signaling pathways and transduce MuSK activation to synaptic differentiation.
Here, we identify two tyrosine residues in Dok-7 that are phosphorylated by Agrin stimulation, and show that two proteins, Crk and Crk-L, are recruited to these phosphorylation sites in . Moreover, we demonstrate that inactivating Crk and Crk-L in vivo in muscle leads to defects in neuromuscular synapses that are virtually identical to those found in humans expressing truncated forms of Dok-7, which cannot be phosphorylated at these two sites. These findings demonstrate that Dok-7 functions downstream from MuSK, and identify the signaling molecules engaged by Dok-7 to promote synaptic differentiation.
Results
Agrin stimulates phosphorylation of Dok-7 at Y396 and Y406
Agrin stimulates tyrosine phosphorylation of MuSK, leading to the recruitment of Dok-7 (Okada et al. 2006) . To determine whether Agrin stimulates Dok-7 tyrosine phosphorylation, we treated cultured myotubes with Agrin and immunoprecipitated Dok-7, and identified phosphorylated residues by mass spectrometry (MS). Figure 1 shows that Agrin stimulated phosphorylation of Y406 ( Fig. 1A ; Supplemental Fig. S1A-C) . We did not detect phosphorylation of Y396, although Y396 appears to be a good substrate for phosphorylation and is embedded in a sequence resembling that surrounding Y406. As such, we were Figure 1 . Agrin stimulates phosphorylation of Dok-7 Y396 and Y406. (A) Dok-7 was immunoprecipitated from lysates of C2 myotubes, which had been stimulated with Agrin for 30 min, or from 293 cells transfected with Dok-7 and MuSK. Following SDS-PAGE, Dok-7 was digested with trypsin, and the tryptic fragments were analyzed by LTQ-Orbitrap MS. Agrin stimulated phosphorylation of Y406 in C2 myotubes; both Y396 and Y406 were phosphorylated in 293 cells transfected with Dok-7 and MuSK. (B) Agrin stimulated phosphorylation of Y396 and Y406 in C2 myotubes. (C) Western blots of lysates (WCL) from transfected 293 cells show that Dok-7 was not detectably phosphorylated at Y348 or Y355, indicating that Y396 and Y406 are the only tyrosine phosphorylation sites in reconstituted 293 cells (n = 3; mean 6 SEM). (D) Y396 and Y406 are the major tyrosine phosphorylation sites in Dok-7 expressed in C2 myotubes. Mutation of either Y396 or Y406 reduced the extent of Agrin-independent Dok-7 phosphorylation. Mutation of both residues reduced phosphorylation to background levels, indicating that Y396 and Y406s are the major, if not only, tyrosine phosphorylation sites. See also Supplemental Figure S1 .
concerned that a failure to detect Y396 phosphorylation might be caused by poor recovery and representation of this peptide by MS. Thus, we used an additional approach to determine whether Y396 is phosphorylated following Agrin stimulation. We stimulated myotubes with Agrin and immunoprecipitated Dok-7, and probed Western blots with antibodies specific for pY396 or pY406 ( Fig.  1B; Supplemental Fig. S1D ). Figure 1B shows that Agrin stimulated phosphorylation of Y396 and Y406.
To determine whether additional tyrosines are phosphorylated in Dok-7, we analyzed Dok-7 phosphorylation in 293 cells expressing both MuSK and Dok-7. Coexpression of MuSK and Dok-7 in 293 cells activates MuSK and leads to high levels of Dok-7 tyrosine phosphorylation (Okada et al. 2006) , providing a sensitive assay to identify Dok-7 phosphorylation sites (Fig. 1C) . We expressed MuSK together with wild-type or mutant forms of Dok-7-including Dok-7 Y396F/Y406F, Dok-7 Y348F/Y355F, and Dok-7 Y396F/Y406F/Y348F/Y355F-and measured Dok-7 phosphorylation by probing Western blots with antibodies to phosphotyrosine. Figure 1 shows that mutation of Y396 and Y406 reduced Dok-7 phosphorylation to background levels (Fig. 1C) . In contrast, mutation of Y348 and Y355 had no effect on Dok-7 phosphorylation (Fig. 1C) . Moreover, the level of Dok-7 phosphorylation was similar in cells transfected with a Dok-7 Y396F/ Y406F double mutant and a Dok-7 Y396F/Y406F/Y348F/ Y355F quadruple mutant (Fig. 1C) , indicating that Y348 and Y355 were not phosphorylated. Mapping of Dok-7 phosphorylation sites by MS confirmed that Y396 and Y406 were the only tyrosines phosphorylated in 293 cells expressing MuSK and Dok-7 (Fig. 1A) . In addition, we expressed these same Dok-7 constructs in C2 myotubes and found that Y396 and Y406 were the major, if not only, tyrosine phosphorylation sites in Dok-7 in muscle (Fig. 1D) . Dok-7 tyrosine phosphorylation is dispensable for MuSK and acetylcholine receptor b (AChR-b) subunit tyrosine phosphorylation Agrin stimulates tyrosine phosphorylation of the AChRb subunit, which is important, although not essential, for clustering AChRs and regulating synaptic differentiation (Friese et al. 2007 ). Increasing Dok-7 expression in muscle leads to a substantial increase in MuSK phosphorylation, AChR phosphorylation, and AChR clustering (Okada et al. 2006; Hamuro et al. 2008) . These and additional experiments indicate that Dok-7 function can be analyzed by introducing wild-type or mutant forms of Dok-7 into wildtype myotubes. Dok-7 is an unusual adapter protein, since, once recruited to MuSK, Dok-7 stimulates MuSK tyrosine phosphorylation. To determine whether this stimulatory activity of Dok-7 requires phosphorylation of Dok-7 at Y396 or Y406, we transferred wild-type or mutant forms of Dok-7 into cultured myotubes and measured MuSK tyrosine phosphorylation. We found that Dok-7 phosphorylation played only a minor role in regulating the extent of MuSK and AChR phosphorylation, since mutation of Y396 and Y406 reduced MuSK and AChR tyrosine phosphorylation by only ;30% ( Fig. 2A-C) . These data indicate that Dok-7 stimulates MuSK phosphorylation by at least two mechanisms: one that strongly activates MuSK and does not require Dok-7 phosphorylation, and Figure 2 . Dok-7 tyrosine phosphorylation is dispensable for MuSK and AChR-b subunit tyrosine phosphorylation. (A) Dok-7 was overexpressed ;100-fold in each C2 muscle cell line (n = 3; mean 6 SEM). (B) MuSK phosphorylation levels were elevated ;18-fold in each of the Dok-7 tyrosine mutant lines, compared with mock-infected C2 cells. MuSK phosphorylation levels were modestly higher (;30%) in the cell line infected with wild-type Dok-7 than in cell lines expressing any of the Dok-7 tyrosine mutations (n = 3; mean 6 SEM), indicating that Dok-7 stimulates MuSK activation largely through a mechanism that is independent of Dok-7 phosphorylation. (C) Like MuSK phosphorylation, AChR phosphorylation levels were induced to the same extent in cell lines expressing single or double mutations in Dok-7 and at levels that were modestly reduced (;30%) compared with cells infected with wild-type Dok-7 (n = 3; mean 6 SEM).
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Dok-7 tyrosine phosphorylation regulates AChR clustering
Our experiments indicate that Dok-7 phosphorylation is largely dispensable for at least two aspects of synaptic differentiation: MuSK and AChR-b subunit phosphorylation. To determine whether Dok-7 phosphorylation has a role in clustering AChRs, we expressed wild-type or mutant forms of Dok-7 in cultured myotubes and measured AChR clustering by light microscopy. Overexpression of wild-type Dok-7 stimulated an ;50-fold increase in the number of AChR clusters, which form in the absence of Agrin (Fig. 3) . Mutation of either Y396 or Y406 severely impaired the ability of Dok-7 to induce AChR clusters, and mutation of both sites led to a further decrease (10-fold) in AChR clustering (Fig. 3) . Moreover, AChR clusters that formed in myotubes expressing Dok-7 mutants were smaller (;2.5-fold) than in myotubes expressing wild-type Dok-7 (Fig. 3B) . Furthermore, the density of AChRs within these clusters was reduced by ;30% (Fig. 3B ). These data indicate that phosphorylation of Y396 and Y406 plays an important role in AChR clustering.
Phosphorylated Dok-7 peptides purify Crk/Crk-L and Nck1/2 from muscle We sought to identify the proteins that are recruited to pY396 and pY406 in Dok-7 and regulate AChR clustering. We synthesized two biotinylated 15mer phosphopeptides, one centered on pY396 and a second centered on pY406, as well as two control biotinylated peptides, centered on Y396F or Y406F, to isolate binding proteins in lysates from C2 myotubes and 293 cells (Fig.  4A ). The phosphopeptides were attached to streptavidinagarose beads, which were incubated with cell lysates from cultured myotubes; the bound proteins were eluted, resolved by SDS-PAGE, and detected by silver staining. A doublet of proteins that migrated at ;37 kDa bound specifically to the pY406 ( Fig. 4B ) and pY396 peptides (data not shown) but neither control peptide. The proteins contained within this doublet were excised and analyzed by Q-TOF MS, which identified the proteins as Crk-L and Crk-II (Matsuda and Kurata 1996; Feller 2001) .
In addition, we probed Western blots of the proteins that bound the phosphopeptide affinity columns with antibodies specific for Crk-I or Crk-II, Crk isoforms that contain one or two SH3 domains, respectively, as well as with antibodies against the related gene, Crk-L. Figure 4C shows that Crk-I, Crk-II, and Crk-L bound to pY396 and pY406 peptides but not to nonphosphorylated control peptides. These data confirm the MS data, showing that Crk-II and Crk-L bind to both phosphopeptides, and demonstrate that Crk-I also binds these sites. Thus, Crk and Crk-L bind directly to Dok-7 phosphorylated at Y396 or Y406.
The sequences surrounding pY396 and pY406 conform to predicted binding sites for the SH2 domains of Nck1, Nck2, Abl1, and Abl2, as well as Crk and Crk-L (Obenauer et al. 2003) . We failed to detect binding of Abl1/2 to the phosphopeptides by silver staining or Western blotting (Fig. 4B,C) . Thus, the accumulation of Abl at synapses is unlikely to be mediated by binding to tyrosine phosphorylated Dok-7 (Finn et al. 2003) . Western blotting showed that Nck1/2 bound to the pY406 peptide but not the pY396 peptide (Fig. 4C ) in a manner that is mediated by the SH2 domain of Nck (Supplemental Fig. S2 ). Together, these data demonstrate that phosphorylation of Dok-7 at Y396 and Y406 leads to the recruitment of Crk-I, Crk-II, Crk-L, and Nck1/2, but not Abl.
Agrin stimulates recruitment of Crk-L and Crk to Dok-7
We next asked whether Crk, Crk-L, and Nck are recruited to Dok-7 following Agrin stimulation. To determine Mutation of either Y396 or Y406 impaired AChR clustering, and mutation of both residues reduced AChR clustering still further. Mutation of Y396 or Y406 also led to a reduction in the size of AChR clusters and the density of AChRs within the cluster. Wild-type and mutant proteins were expressed at similar levels ( Fig. 2A) .
whether Agrin stimulates association of Crk-L and Nck with Dok-7, we stimulated muscle cells with Agrin, isolated Crk-L or Nck by immunoprecipitation, and probed Western blots for Dok-7. Figure 5A shows that Crk-L associated with Dok-7 following Agrin stimulation. In contrast, Nck1/2 failed to associate with Dok-7 under the same conditions (Fig. 5B) . To determine whether Crk-I and/or Crk-II associates with Dok-7 in muscle, we treated muscle cells with Agrin, isolated Dok-7 by immunoprecipitation, and probed Western blots with antibodies that recognize both forms of Crk. Figure 5 shows that Crk-II associated with Dok-7 in an Agrin-dependent manner (Fig. 5C ). Substantially lower levels of Crk-I coisolated with Dok-7, likely due to the lower expression level of Crk-I in muscle cells (Supplemental Fig. S3 ). Thus, Agrin stimulation leads to the association of Crk-L and Crk with Dok-7 in skeletal muscle.
Crk and Crk-L are enriched at neuromuscular synapses
Our data indicate that Crk and Crk-L can associate with tyrosine phosphorylated Dok-7 and suggest that these adapters may have a role in postsynaptic differentiation. To determine whether these adapter proteins are concentrated at neuromuscular synapses, we stained frozen sections of adult and embryonic muscle with antibodies to Crk-L or Crk. Figure 6 shows that both adapter proteins are concentrated at synapses ( Fig. 6; Supplemental Fig. S4 ). Moreover, staining persisted at denervated synapses, showing that labeling is not within nerve terminals (Fig. 6 ).
Crk and Crk-L play critical roles in neuromuscular synapse formation
Because Crk and Crk-L bind the same tyrosine phosphorylated sequences in Dok-7 and act redundantly in other cellular contexts (Park and Curran 2008) , we considered the possibility that Crk and Crk-L might act redundantly at neuromuscular synapses. We therefore inactivated Crk and Crk-L selectively in skeletal muscle by crossing mice carrying floxed alleles of Crk-L and Crk with myf5 cre mice, which express Cre recombinase in myoblasts and myotubes, leading to gene inactivation early during muscle development (Tallquist et al. 2000) . We failed to recover Crk f/f ; Crk-L f/f ; myf5 cre mice postnatally, although all other allele combinations were recovered at the expected Mendelian frequency (Supplemental Fig. S5 ), and their neuromuscular synapses appeared largely normal (data not shown). Because neuromuscular synapses are dispensable during embryonic development but are required for survival at birth, these data raised the possibility that a loss of skeletal muscle Crk and Crk-L led to neonatal lethality. Indeed, at embryonic day 18.5 (E18.5), 1 d prior to birth, we recovered Crk
cre mice at the frequency expected for Mendelian inheritance (data not shown). Moreover, the lungs from newborn Crk
cre mice failed to expand (Supplemental Fig. S5 ), indicating that the conditionally mutant mice failed to take a single breath and likely died of respiratory failure.
We analyzed neuromuscular synapses in E18.5 mice by staining whole mounts of muscle with probes that label motor axons, nerve terminals, and AChRs. In wild-type mice, motor axons branch and terminate in a band of synapses adjacent to the main intramuscular nerve in the middle of the muscle. Each muscle fiber is innervated at a single synaptic site, marked by an accumulation of synaptic vesicles in the nerve terminal and a high density of AChRs in the postsynaptic membrane (Burden 1998; Sanes and Lichtman 2001) . Figure 7 shows that mice deficient in skeletal muscle Crk and Crk-L displayed severe defects in presynaptic and postsynaptic differentiation (Fig. 7) . First, motor axons were not confined to a narrow endplate band, but were distributed in a broader region of Crk/Crk-L-deficient muscle (Fig. 7A) . Second, the number of synapses was reduced by twofold ( Fig. 7A,B; Supplemental Fig. S5 ). The reduction in the number of synapses in Crk/Crk-L-deficient muscle suggested that many muscle fibers lacked innervation. Because it is difficult to distinguish individual The Dok-7 biotin-pY406 phosphopeptide purified an ;37-kDa doublet. The doublet failed to bind the nonphosphorylated biotin-Y406 peptide, and binding to the biotin-pY406 phosphopeptide was inhibited by addition of excess phosphopeptide. The ;37-kDa doublet was identified as Crk-II and Crk-L by Q-TOF MS. (C) Western blots of myotube proteins isolated by binding to pY396 or pY406 phosphopeptides were probed with antibodies to Nck1/2, Crk-I, Crk-II, Crk-L, Abl, or Arg. Both phosphopeptides bound Crk-I, Crk-II, and Crk-L; in addition, the pY406 phosphopeptide bound Nck1/2. Neither phosphopeptide bound Abl or Arg. See also Supplemental Figure S2 . Dok7 recruits Crk/Crk-L to MuSK myofibers in whole mounts, we isolated and stained individual muscle fibers for AChRs. We found that approximately one-half of myofibers in Crk/Crk-L-deficient muscle lacked AChR clusters over their entire length (Fig.  7C) , indicating that these myofibers were never innervated or that motor axons retracted from nascent synapses formed earlier during development. This substantial muscle denervation likely contributed to muscle weakness and neonatal lethality. Third, synaptic size was reduced by twofold (Fig. 8A) . Fourth, the density of synaptic AChRs was reduced by 25% (Fig. 8B) . Synaptic AChRs were tyrosine phosphorylated (Supplemental Fig. S5 ), consistent with the minor role of Dok-7 phosphorylation in regulating AChR phosphorylation in vitro (Fig. 2) . Thus, Crk/Crk-L mutant synapses contain approximately threefold fewer AChRs than normal synapses. Because the safety factor for synaptic transmission at adult mouse neuromuscular synapses is 2.5 to 4 (Harris and Ribchester 1976; Wood and Slater 2001) , and less at neonatal synapses (Wood and Slater 2001) , this reduction in AChR number may compromise the reliability of synaptic transmission and contribute to the neonatal lethality of mice deficient in muscle Crk and Crk-L. Finally, motor axons often failed to terminate at synapses and instead continued to grow beyond AChR clusters (Figs. 8C; Supplemental Fig. S5 ), resembling terminal sprouts found in adult muscle after inhibiting synaptic transmission or following reinnervation (Brown and Ironton 1977; Betz et al. 1980; Son and Thompson 1995) . Thus, muscle-derived Crk/Crk-L fulfills a critical role in neuromuscular synapse formation, as these adaptor proteins are essential to cluster AChRs at synapses, regulate synaptic size, and control motor axon growth.
Discussion
Agrin stimulates tyrosine phosphorylation of MuSK, leading to the recruitment and tyrosine phosphorylation of Dok-7 (Okada et al. 2006) . The steps following Dok-7 tyrosine phosphorylation are poorly understood. Here, we show that Agrin stimulates phosphorylation of two tyrosine residues in the C-terminal domain of Dok-7, which leads to the recruitment of two adaptor proteins: Crk and Crk-L. Furthermore, we demonstrate that Dok-7 tyrosine phosphorylation regulates the number and size of AChR clusters that form in cultured muscle cells, and provide genetic evidence supporting a redundant role for Crk and Crk-L in the regulation of both presynaptic and postsynaptic differentiation in vivo. These data indicate that Crk and Crk-L are key components in the Agrin/MuSK signaling pathway that function downstream from Dok-7. Dok-7 is essential for Agrin to stimulate MuSK tyrosine phosphorylation. This unusual feature of an adapter protein raised the possibility that Dok-7 functions at synapses solely by stimulating MuSK phosphorylation rather than by recruiting additional signaling components that act downstream from MuSK. Multiple lines of evidence support the notion that Dok-7 is required for MuSK phosphorylation. First, mutations in MuSK, which prevent Dok-7 recruitment, block Agrin-stimulated MuSK phosphorylation (Zhou et al. 1999; Herbst and Burden 2000) . Second, Agrin fails to stimulate MuSK phosphorylation in myotubes deficient in Dok-7 (Inoue et al. 2009 ). Third, Dok-7 overexpression stimulates MuSK phosphorylation in the absence of Agrin (Okada et al. 2006) . Here, we show that Dok-7 functions both to amplify MuSK phosphorylation and recruit additional components that promote postsynaptic differentiation. As such, these findings help clarify how Dok-7 mutations, which result in loss of the C-terminal domain, cause CMS (Beeson et al. 2006) .
Dok-7 appears to act by two distinct pathways to stimulate synaptic differentiation. The N-terminal region of Dok-7, containing the PH and PTB domains, stimulates MuSK phosphorylation (Inoue et al. 2009; Bergamin et al. 2010 ) and minimal features of postsynaptic differentiation by a pathway that acts independently of Crk/ Crk-L recruitment to Dok-7 (Beeson et al. 2006; Muller et al. 2007; Selcen et al. 2008) . In contrast, the C-terminal region of Dok-7 has a modest role in stimulating MuSK but is essential for complete synaptic differentiation. As such, humans with mutations that truncate the C-terminal domain of Dok-7 form primitive synapses and develop CMS. Understanding how these two Dok-7 pathways regulate synaptic differentiation will hopefully lead to insights for enhancing synaptic differentiation and improving neuromuscular function in patients with Dok-7 CMS.
How Dok-7 recruitment stimulates MuSK phosphorylation is not completely understood. Phosphorylation of Dok-7 at Y396 and Y406 has a modest role in stimulating MuSK phosphorylation, and this effect may be mediated by a kinase, possibly Abl1/2, that is recruited to Crk/ Crk-L. Nonetheless, the major stimulatory effect occurs Crk/Crk-L contained fewer synapses than wild-type mice, and these synapses were broadly distributed in the muscle (Supplemental Fig. S5 ). (C) Indeed, approximately one-half of myofibers in Crk/Crk-L-deficient muscle lacked innervation, as AChR clusters were absent over the entire myofiber length. For A and B, n = 3, and error bars indicate standard errors of the means. For C, n = 2. See also Supplemental Figure S5 .
Cold Spring Harbor Laboratory Press on April 26, 2016 -Published by genesdev.cshlp.org Downloaded from independently of Dok-7 tyrosine phosphorylation (Inoue et al. 2009; Bergamin et al. 2010 ). Our biochemical and structural studies demonstrate that Dok-7 forms a homodimer mediated by interactions between the PH and PTB domains in adjacent molecules, and suggest that Dok-7 increases MuSK phosphorylation by binding MuSK and stabilizing MuSK dimers (Inoue et al. 2009; Bergamin et al. 2010 ). In this model, a low level of MuSK juxtamembrane phosphorylation would stimulate recruitment of Dok-7, promote MuSK dimers and MuSK activation loop phosphorylation, increase MuSK kinase activity, and lead to juxtamembrane phosphorylation on additional MuSK molecules, thereby propagating Dok-7 recruitment and amplifying MuSK activation. This pathway, however, is likely to be inefficient or restrained in vivo, as MuSK is poorly phosphorylated in the absence of Agrin (Gautam et al. 1996; Glass et al. 1996) . Maintaining Dok-7 expression at low levels may be sufficient to minimize this Agrin-independent activity; alternatively, negative regulators may hinder Dok-7 recruitment.
Synapses fail to form in mice that are homozygous for null mutations in MuSK or Dok-7, leading to neonatal lethality. In contrast, hypomorphic alleles of Dok-7, which truncate Dok-7 and lead to a loss of Y396 and Y406, retain sufficient activity to mediate the formation of synapses. These synapses are nonetheless structurally and functionally defective; in particular, the synapses are small and motor axons fail to reliably terminate, leading to muscle weakness and fatigue in adults, the hallmark features of CMS (Beeson et al. 2006; Muller et al. 2007; Selcen et al. 2008) . Thus, these truncated forms of Dok-7, which cannot recruit Crk/Crk-L, mediate the formation of simplified and poorly functional synapses. Importantly, these defective synapses resemble the aberrant synapses found in mice deficient in muscle-derived Crk/Crk-L.
Identification of the role of Crk and Crk-L in the Agrin/ MuSK pathway offers some insights into the mechanism responsible for neuromuscular synapse formation, as Crk and Crk-L have been studied extensively in a variety of biological processes. SH3 domains, present in noncatalytic adaptor proteins such as Crk/Crk-L, serve as recognition sites for a large number of proteins with prolinerich regions (Ren et al. 1993; Pawson and Nash 2003) , including guanine nucleotide exchange factors (GEFs) and actin remodeling factors (Li et al. 2001; Akakura et al. 2005; Antoku and Mayer 2009) . Indeed, C3G (a GEF protein) and Rap1 (a small GTPase) have been proposed to act downstream from Crk and Crk-L in the Reelin pathway (Ballif et al. 2004; Voss et al. 2008) . On the other hand, several lines of evidence indicate that Rho family members and actin remodeling factors have a key role in Agrin-stimulated AChR clustering. First, Agrin stimulates nucleotide exchange in Rac and Rho (Weston et al. 2000 (Weston et al. , 2003 ; second, inhibiting Rac or Rho interferes with Agrin-stimulated AChR clustering (Weston et al. 2003) ; third, Agrin stimulates phosphorylation of Pak, which is activated by Rac and regulates actin dynamics (Luo et al. 2002) ; fourth, actin polymerizes at AChR clusters in cultured cells and is concentrated at neuromuscular synapses (Dai et al. 2000) ; and fifth, inhibiting actin assembly with latrunculin interferes with Agrin-stimulated AChR clustering (Dai et al. 2000; Weston et al. 2000) . Together, these data raise the possibility that Crk/Crk-L, recruited to tyrosine phosphorylated Dok-7, forms complexes with Rac/Rho GEFs, such as Dock180-related GEFs or C3G (Feller 2001; Miyamoto and Yamauchi 2010) , and links MuSK activation to a change in actin dynamics and a redistribution of postsynaptic proteins, including AChRs.
The SH3 domains in Crk/Crk-L can also bind Abl1 and Abl2 (Feller et al. 1994) , nonreceptor tyrosine kinases that have been implicated in clustering AChRs (Finn et al. 2003) . Because Abl also regulates actin dynamics (Lanier and Gertler 2000; Zandy et al. 2007 ), Crk/Crk-L may serve as an integrator for multiple pathways, including a Rac/Rho/Pak pathway and an Abl/Ena/Vasp pathway, to regulate cytoskeletal reorganization and AChR clustering following Agrin stimulation.
Our experiments demonstrate a second instance in which Crk and Crk-L function in a redundant manner downstream from a Lrp. Reelin, a ligand that binds two Lrps, Lrp8 and VLDLR, stimulates tyrosine phosphorylation of Disabled-1 (Dab1), a PTB domain-containing adapter protein that recruits Crk and Crk-L to control neuronal positioning in the developing brain (Rice and Curran 2001; Ayala et al. 2007 ). These results raise the possibility that a tyrosine kinase signaling module, composed of a PTB adapter protein such as Dok-7 or Dab1, together with Crk/Crk-L, may function in a similar manner downstream from other Lrps. It will be particularly interesting to learn whether Crk and Crk-L function downstream from Lrp1, which, like Lrp4, is expressed in the nervous system and concentrated in postsynaptic densities (May et al. 2004 ).
Very few genes are known to act downstream from MuSK and regulate synapse formation in vivo. Rapsyn, a peripheral membrane protein associated with AChRs, is critical for presynaptic and postsynaptic differentiation, as shown by genetic studies in mice (Gautam et al. 1995) . Tid1 and Dishevelled, two noncatalytic adapter proteins, bind MuSK and function in a poorly understood manner downstream from MuSK in cultured myotubes (Luo et al. 2002; Linnoila et al. 2008) . Genetic analysis of mice lacking these genes, however, has not been described. Likewise, although Rac, Rho, Abl, Arg, Pak, Cortactin, and Actin have been implicated to regulate AChR clustering in cultured myotubes (Wu et al. 2010) , there is little genetic evidence demonstrating a role for these proteins in synapse formation in vivo. A better understanding of synapse formation and maintenance will require knowledge of how these genes function at synapses in vivo, and how they act in concert with Crk/Crk-L.
Materials and methods

DNA constructs
Murine Dok-7 (GenBank: BAE96740) cDNA was isolated by PCR from C2 muscle cell cDNA and subcloned into pIRES2-EGFP for expression in HEK 293 cells or into pBabe-puro for expression in murine C2 muscle cells. Tyrosine residues in Dok-7 were mutated to phenylalanine by site-directed mutagenesis. Myc-MuSK-GFP was expressed in 293 or C2 cells by infecting with pBabe-mycMuSK-GFP, as described previously (Herbst and Burden 2000) . The structure of all constructs was confirmed by DNA sequencing. Ecotropic retrovirus particles were generated by transfecting Phoenix cells with pBabe-Dok-7 constructs (Kinsella and Nolan 1996) . C2 myoblasts were infected, selected for puromycin resistance, and allowed to differentiate into myotubes.
Phosphopeptide pull-down assay Dok-7 Y396 and Y406 biotinylated phosphopeptides (Invitrogen) were immobilized to streptavidin agarose and incubated with a detergent-soluble lysate (5 mg of protein) from C2 myotubes. Phosphopeptide-specific binding proteins were eluted by the addition of excess free biotin and resolved by SDS-PAGE. Following silver staining, proteins were extracted from gel slices and analyzed by MS or Western blotting. Antibodies to Dok-7 pY396 or pY406 were cross-absorbed with the opposite phosphopeptide prior to Western blotting.
AChR clustering assay
Dok-7-infected C2 myotubes were stained with Alexa-594-a-bungarotoxin (a-BGT) and imaged using a Zeiss LSM 510 confocal microscope. The number and size of AChR clusters, as well as the density of AChRs within AChR clusters, were determined by imaging at least 10 fields in triplicate samples using Volocity 3D imaging software (Perkin Elmer), as described previously (Friese et al. 2007 ).
Antibodies
Rabbit and chicken antibodies to the C-terminal region of Dok-7 have been described previously . We also used antibodies to Dok-7 Y396 or Y406 phosphopeptides (sc-68691 and sc-68692 from Santa Cruz Biotechnology). MuSK was immunoprecipitated using antibodies to the C terminus of MuSK (Herbst and Burden 2000) and was detected by probing Western blots with antibodies to MuSK (AF3904 from R&D Systems). A monoclonal antibody to the AChR subunit (mab124) was the kind gift of Dr. J. Lindstrom (University of Pennsylvania). Antibodies to Nck1/2 were the kind gift of Dr. T. Pawson (Samuel Lunenfeld Institute) or were purchased from BD Biosciences. We also used antibodies to Abl (mab 8E9 from BD Biosciences), Arg (C-20 from Santa Cruz Biotechnology), phosphotyrosine (4G10 from Millipore), Crk-I/-II (mab 22 from BD Biosciences), Crk-II (C18 from Santa Cruz Biotechnology), Crk-L (C20 from Santa Cruz Biotechnology), and Crk-L (GeneTex). We established the specificity of the antibodies to Crk (mab 22) and Crk-L (C20) by probing Western blots of lysates from Crk or Crk-L mutant embryos: The antibodies to Crk react specifically with Crk and do not cross-react with Crk-L; likewise, antibodies to Crk-L react selectively with Crk-L (Supplemental Fig. S6 ). Infrared-conjugated secondary antibodies were from LI-COR.
Sample preparation and LC-MS/MS analysis of Dok-7, Crk-L, and Crk-II Gel bands containing Dok-7, Crk-L, and Crk-II were excised from SDS-polyacrylamide gels and digested using MS-grade trypsin (Promega). For protein identification, the digests were analyzed by LC/ESI-MS/MS, using a nanoAquity UPLC coupled directly to a Q-TOF Premier MS (Waters). The proteins were identified using MASCOT (MatrixScience) to search the NCBInr mouserat protein sequence database. To identify phosphorylation sites in Dok-7, phosphopeptides were enriched from tryptic digests by titanium dioxide chromatography, and were analyzed using nanoflow LC/ESI-MS/MS with a NanoLC-2D system (Eksigent) coupled directly to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific). Phosphopeptides were identified using MAS-COT in normal and then error-tolerant mode. The identities of phosphopeptides and sites of tyrosine phosphorylation were verified by manual inspection.
Animals
Mice were housed and maintained according to International Animal Care and Use Committee guidelines. Mice carrying floxed alleles of Crk and Crk-L have been described previously (Park et al. 2006; Park and Curran 2008) . Mice that carry a myf5 cre allele, which confers Cre recombinase expression in myoblasts and myotubes, have been described previously (Tallquist et al. 2000) . Whole mounts of diaphragm muscles from E18.5 mice were stained with antibodies to neurofilament (AB 1981 from Millipore), Synaptophysin (clone Z66, Invitrogen), and/or synapsin (106 002, SYnaptic SYstems) to label axons and nerve terminals. Images were acquired with a Zeiss LSM 510 confocal microscope; the size and number of AChR clusters, as well as the density of AChRs within AChR clusters, were determined using Volocity 3D imaging software, as described previously (Jaworski and Burden 2006) . Three-dimensional movies were generated using software from Imaris (Bitplane Scientific Software). Myofibers were dissociated from E18.5 muscle and stained for AChRs as described previously (Shefer and Yablonka-Reuveni 2005; .
